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• Selected Scientific Frontiers

–Cosmic background microwave radiation

–Sub-nansosecond pulses

–Search for extraterrestial civilizations

• Technical Frontiers at Caltech

–Mission statement, imaging

–Large arrays

–Sensitivity and low noise

–Decade bandwidth antenna feeds



John Bahcall, a leading astrophysicist , said, 

"The discovery of the cosmic microwave 
background radiation changed forever the 
nature of cosmology, from a subject that had 
many elements in common with theology to a 
fantastically exciting empirical study of the 
origins and evolution of the things that 
populate the physical universe.“

He called it the most important achievement 
in astronomy since Hubble's discovery of the 
expansion of the universe.

“A Measurement of Excess Antenna Temperature at 4080 Megacycles per Second”

A. Penzias and R. Wilson, Astrophysical Journal Letters, 1965



Microwave Sky Background Radiation
Sky Maps of Deviations from 2.725K

After subtraction of 
the 2.725K mean to 
reveal the mK dipole 
due to motion of our 
galaxy

After subtraction of 
the dipole moment 
to show radiation of 
our local galaxy. 

After subtraction of 
both the dipole and 
galactic emission to 
show the 100uK 
variations due to 
emission variations 
in the early universe

Data from the 31, 53, and 
90 GHz radiometers on the 
COBE spacecraft 

The 2006 Nobel Prize in 
Physics was awarded to 
Mather and Smoot for this 
measurement.

COBE was launched in 
1989 and many other 
cosmic background 
instruments, space and 
ground based, have added 
much more information 
about the cosmic 
background.



Cosmic Background Emission Measured by the 
Wilkinson Anisotropy Probe (WAP) at 61 GHz



Spatial Spectrum of the Microwave Background

See: http://lambda.gsfc.nasa.gov



History and Content  of the Universe



Parameters of the WMAP Spacecraft

Launched June 30, 2001
See: http://map.gsfc.nasa.gov/



Interesting New Topic in Radio Astronomy     
Pulses from a neutron star in a supernova which 

exploded 6000 years ago.



Chronology of the Crab Pulsar

5750 BC  A star in the Crab Nebula collapses to form the bright flash of 
a supernova

1054 AD  The flash is observed for days by Chinese and Arabian  
astronomers

1758  Messier discovers the supernova remnant, the Crab Nebula

1934  The existence of neutron stars is predicted by Zwicky

1967 The first pulsed radio waves from an astronomical object are 
detected by Anthony Hewish and Jocelyn Bell who suggest                 
the pulses are from a rotating neutron star.

1968 Staelin and Reiffenstein discover the Crab pulsar

1974 Hewish receives the Nobel Prize in Physics for the pulsar 
discovery

2003 Hankins discovers pulses of < 1 ns duration from the Crab 
pulsar.  These pulses left the neutron star in 4800 BC and 
have a dispersion of the order of 1ms between 8 and 9  GHz – about 2 x 
10-15 of the transmission time. This is due  to an electron content of .03 per 
cm3 in the interstellar medium



Nanosecond Pulses from the Crab Nebula Pulsar

1 ns is the light travel time in 30 cm  this limits the size of emitting region

From the strength observed on earth and the known distance and size, the luminosity or 
brightness can be determined to be the brightest object in the universe at 1037 K.



Rotating Neutron Star “Lighthouse” Model



Crab Pulsar Spectrum
Radiation has been observed throughout the radio, IR, optical, and X-ray 

regions of the spectrum

From: Moffett & Hankins 1996 

ApJ 468, 779

From: Lyne & Graham-Smith, Pulsar 
Astronomy Cambridge, 1998

1 Jy

Spectral index ~ -2.7 at RF



When Will Earth Communicate with Extraterrestrial LIfe?

- SETI Chronology

• In the first 5 billion years the technology to communicate 
at stellar distances did not exist on earth

• We have only had radio technology for ~100 years

• It is only in the past several years that we have detected 
planets around other stars

• The Kepler spacecraft mission has the goal of detecting 
50 earth-like planets by 2011. What is the next step?

• An SKA size array could increase the volume of space 
with detectable radio emission  by a factor of ~350

Kepler mission, shown at right, will 
examine 100,000 stars looking for 
fluctuations due to planet occultation's
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Why Search for Other Civilizations?



Caltech EE Microwave Group

A Mission Statement

Develop technology to support the transition of radio 
astronomy from single-pixel observations to imaging 
systems with large field of view, wide simultaneous 
frequency coverage, and very large collecting area.

Receiver
Digital Signal 
Processor

LNA

Decade 
Bandwidth

Feed

Very Low 
Noise, 

Cryogenic or 
Ambient?

Single or Multiple IC 
Photonic Output   
Downconversion?

Spectrometer, 
Array Correlelation, 
Beam Forming, 

Pulsar processing



Space 
Communications

Radio Waves Impinge Upon the Earth from Many Distant Sources

Our Sensitivity to These Waves is Proportional to the Collecting Area on Earth

SETI, Other 
Civilizations

Radio Astronomy -
Galaxies, quasars, pulsars



Large Arrays Can Greatly Expand the

Data Rate from Distant Spacecraft 
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Methods to Increase Microwave Collecting Area

Larger Antennas or Arrays of Smaller Antennas?

Green Bank 100m Antenna Array of 12m Antennas



SKA  Cost Breakdown by Subsystem vs Antenna Diameter
Aeff/Tsys = 20,000, Aeff=360,000, Tsys=18K, BW=4GHz, 15K Cryogenics
Antenna Cost = 0.1D^3 K$,    2001 Electronics  Cost = $54K per Element
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Comparison of Existing Large Antennas and Future Arrays 

 
 

Antenna 
 

Elements 
 

Effective 

Area 

 
Upper 

Frequency 

 
Tsys 

 
A/Tsys Year 

Finished 
 

DSN 
70m 

 
1 x 70 m 

 
2,607 

 
8 GHz 

 
18 

 
145 1965 

GBT 1 x 100 m 5,700 100 GHz 20 285 2000 
 

VLA 
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ATA - Allen Telescope Array    VLA - Very Large Array 
DSN - Deep Space Network       SKA - Square Km Array
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What is the SKA? 
 
• An international project to design a very large area array  for radio 
astronomy in the cm wavelength range. 

 

• The web site, http://www.skatelescope.com, contains science justification 
and links to activities in several countries 

 
• US approach is a large array (≈4,500) of small (≈12m) antennas , 
organized into a 1000km diameter  spiral of  ≈100 close packed stations 

 
 

Key Specifications 
 

• Aeff/Tsys > 20,000 m
2
/K 

(1 square km with Tsys=50K) 
• Frequency, 0.15 –40 GHz 
• Resolution 35 nano-radians 

(5km beam at 1 A.U. at 20GHz) 
 



SKA Reference Design Concept 



radio radio radio radio ““““fishfishfishfish----eye lenseye lenseye lenseye lens””””

Inner core

Station

Digital radio camera + stations to
3000 km

Radio fish-eye lens

Reference Design



SKA Reference Design

Low-band: 0.1-0.3 GHz Mid-band: 0.3-3 GHz
High-band: 3-25 GHz



from Brian Gaensler Presentation



A 12m/16m Symmetric Antenna Concept
Outer mesh doubles sensitivity for frequencies < 1.5 GHz.  Mesh has 

0.1 of the cost and wind resistance of solid surface



12m Solid Reflector

Mesh Extension to 16m

2m Subreflector

0.7 to 1.4 GHz Focal Plane Array or
0.1 to 1.5 GHz Single Feed

1.2-11 GHz 
Secondary  Feed

Retractable
Dewar

Flipped Feed
for Wide Angle
Surveys 

Feeds for 12/16m Antenna Including 0.7 to 1.4 GHz Focal Plane Array



Receiver Noise and Natural Limits to Noise in Receiving Systems

Goal, 
2005



0

5

10

15

20

25

2 4 6 8 10 12 14 16 18 20 22 24 26

Frequency (GHz)

Noise Temp(K)

0

10

20

30

40

50

Gain[dB]

Noise Temperature (K)

Gain (dB)

6-18GHz LNA #40A03 at 12K
 MMIC WBA618  R7C1M0   CRYO10-4292-014,  Bias: Vd=0.65V, Id=16mA   

, Vg1=1.9V , Vg2=1.9V

Date : NOV-11-2005

4-12GHz LNA #82D at 12K
 MMIC: WBA13, CIT1 4254-065 ,  R8C2   

  Bias: Vd=1.2V, Id=20mA, Vg1=2.33V, Vg2=2.33V

0

2

4

6

8

10

12

14

16

18

20

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Frequency (GHz)

N
o

is
e

 T
e

m
p

(K
)

0

5

10

15

20

25

30

35

40

45

50

G
a

in
, 

d
B

Noise Temperature (K)

Gain (dB)

4 Models, @ 12K 

0.5 to 11 GHz, Tn < 5K 

4 to 14 GHz, Tn < 8K

6 to 20 GHz, Tn < 12K 

11 to 34 GHz, Tn < 20K

Caltech-Developed Cryogenic LNA’s



Caltech EE has Delivered 133 LNA’s to Other Research Centers During 
the Past 4 Years 

This does not include LNA’s for the 350 element ATA or 64 element  Supercam



Caltech 4-12 GHz LNA’s for Integration with 345 GHz SIS Mixers

LNA with cover on
Input circuit including SIS bias, MMIC 

LNA chip,  output line, and, at top,        
bias filter network



Very Low Noise Amplifier Development Status - 2006

• Indium-phosphide (InP) high-electron-mobility transistors (HEMTs) have 
been implemented in almost all low-noise amplifiers in radio astronomy for 
the past 10 years with little change in performance. 

• As a function of frequency at 15K InP HEMT LNA’s have 2K noise at 1.4 
GHz, 5K at 5 GHz, and 30K at 100 GHz.  As a function of temperature at 5 
GHz noise is 30K at 300K, 10K at 77K, and 5K at 15K.

• The cost of the large number of receivers required by arrays  could be 
greatly reduced if LNA’S with sufficiently low noise could be realized  at 
room temperature.  Transistor device improvements may enable this. A 
current goal is < 10K of noise (0.14 dB NF) at 1.4 GHz. 

• Decade bandwidth feeds have outputs balanced with respect to ground 
and this can be accommodated with differential input LNA’s, termed “Active 
Baluns or ABLNA’s) which have been developed at Caltech.

• A promising new transistor, the SiGe HBT, is being rapidly developed for 
high speed computer and communication applications and may replace the 
InP HEMT in radio astronomy in the next several years. .



HBT Noise Test  Module 
With Ga Tech Supplied SiGe Transistor

Base DC Collector DCGround

RF in RF out



DC Beta vs Base Curent and Temperature 
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Decade Bandwidth Antenna Feeds

• Current antenna feeds and receivers used in radio 
astronomy are << octave bandwidth

• Many science questions can be much more efficiently 
performed with decade bandwidth feeds.

• The cost of large arrays to cover a wide frequency 
range is greatly reduced if the number of receivers per 
antenna is reduced.

• The key issues with decade bandwidth feeds are 
beamwidth variation, impedance match, and loss.



Candidate Decade-Bandwidth Feeds for the SKA

The entire 0.1 to 34 GHz frequency range can be covered with 3 
wideband receivers.



Chalmers 1.2 to 11 GHz Feed

Feed is under tests at Chalmers and can be integrated with a cryogenic 

active balun and tested on an ATA antenna in early phases of the TDP.



Chalmers Feed Study Computed Results

• Calculated pattern gives 57% prime focus efficiency, 3K spillover, and 0.3K 
mesh leakage in  12/16m symmetric antenna from 0.5  to 1.5 GHz

• Gain is 10.5 +/- 0.5 dB and reflection coefficient  better than 6 dB over 1:12 
frequency range.  Provides 65% efficiency at half-angles of 42O to 55O



Reference: V. Rodriguez, “A Multi-Octave Open-Boundary Quad-Ridge Horn 
Antenna for Use in the S- to Ku-Bands”, Microwave Journal, March, 2006. pp.84-92



Cryogenic Dewar Design for Lindgren Antenna

LNA’s

Cryocooler

Feed

Polyethylene Window

15K Plate











Supercam 64-Pixel  345 GHz Camera

• Multi-University, NSF Sponsored Project led 
by Chris Walker, U. of Arizona

• System design, optics, integration and 
micro-machining at UAZ

• Superconducting SIS junctions by UVA

• Mixer design by UMass and others

• Caltech Tasks 

1) Develop a packaging technique to 
accommodate  64 cryogenic  MMIC low noise 4-
12 GHz amplifiers  integrated in a vacuum dewar
with SIS mixers

2) Fabricate, test, and deliver  a 64 LNA’s

3) Support the integration and test of the low noise 
amplifiers in the radio astronomy system.

4) Design, fabricate, and deliver 64 IF converters

U. of Arizona Heinrich Hertz 
10.4m Radio Telescope



Supercam – Optics and

Focal Plane Configuration


